Our previous studies found that serotonin transporter (SERT) knock-out mice showed increased sensitivity to minor stress and increased anxiety-like behavior but reduced locomotor activity. These mice also showed decreased density of 5-hydroxytryptamine (5-HT 1A ) receptors in the hypothalamus, amygdala, and dorsal raphe. 
Introduction
The serotonergic [5-hydroxytryptamine (5-HT)] system is essential for regulating several psychophysiological pathways including those involved in emotion, motivation, and stress responses. Among 15 5-HT receptors, 5-HT 1A receptors are known to participate in the regulation of anxiety behaviors (Griebel, 1995; Graeff et al., 1996; den Boer et al., 2000) . 5-HT 1A receptor agonists have been used as anxiolytic drugs. Mice that genetically lack 5-HT 1A receptors demonstrate increased anxiety-like behavior (Gingrich and Hen, 2001; Olivier et al., 2001; Groenink et al., 2003) . Furthermore, 5-HT 1A receptors are involved in the regulation of the hypothalamic-pituitary-adrenal axis (HPA), which plays an important role in stress responses (Carrasco and Van de Kar, 2003) . However, the neuronal circuitries and molecular mechanisms mediating these effects of 5-HT 1A receptors are still unclear. Understanding these circuitries and mechanisms will help us to develop better approaches for treatment of psychiatric disorders.
Our previous studies showed that lack of serotonin transporter (SERT) in mice increased exploratory anxiety-like behaviors and sensitivity to minor stressors but reduced locomotor activity (Murphy et al., 2001; Holmes et al., 2003b,c) . Furthermore, the density of 5-HT 1A receptors is reduced in the hypothalamus, amygdala, and dorsal raphe of these mice (Li et al., 1999 (Li et al., , 2000 . The aim of the present study was to determine whether the behavioral changes in these mice are mediated by the alteration of hypothalamic 5-HT 1A receptors. The hypothalamic 5-HT 1A receptors are involved in the regulation of the secretion of several stress hormones (Carrasco and Van de Kar, 2003) . It is known that the hypothalamus regulates motivated movement (Risold et al., 1997; Swanson, 2000) . Although the exploratory anxiety-like behavior is more likely mediated by 5-HT 1A receptors in the amygdala (LeDoux, 2003) , 5-HT 1A receptors in the hypothalamus may be involved in the regulation of this behavior, because the hypothalamus is innervated by the amygdala (Gorman et al., 2000) .
The most common approach to study receptor-behavior relationships is using pharmacologic agents to activate the receptors or to block the activation of the receptors. Because most agonists and antagonists have side effects for other receptors, the selectivity of the agents is always a concern. The recent development of transgenic techniques allows for the selective deletion of a target gene. However, compensatory changes induced by the knock-out during development can produce a more complicated system. In the present studies, we used a recombinant adenovirus containing 5-HT 1A genes to manipulate the expression of 5-HT 1A receptors in the hypothalamus. This technique allows us to selectively change the density of 5-HT 1A receptors in adult mice, thus avoiding compensatory developmental changes. We designed the recombinant adenovirus so that the expression of 5-HT 1A genes is controlled by the 5-HT 1A promoter. Therefore, 5-HT 1A genes are only expressed in cells that normally express 5-HT 1A receptors. We hypothesized that (1) administration of recombinant adenovirus containing the 5-HT 1A sense gene (Ad-1AP-sense) into the hypothalamus of SERT knock-out mice would normalize the altered behaviors in these mice; and (2) injection of recombinant adenovirus containing 5-HT 1A antisense gene (Ad-1AP-antisense) into the hypothalamus of normal mice would mimic the behavioral changes observed in SERT knock-out mice.
Materials and Methods

Generation of recombinant adenoviruses containing 5-HT 1A receptor genes
The Ad-Easy adenovirus system (a gift from Dr. Bert Vogelstein, Johns Hopkins University, Baltimore, MD) (He et al., 1998 ) was used to generate recombinant adenoviruses containing 5-HT 1A sense and antisense genes (see Fig. 1 ). The recombinant adenoviruses were generated using the procedure described by He et al. (1998) . Briefly, DNA fragments encoding the 5-HT 1A receptor gene and/or 5-HT 1A receptor promoter were amplified from mouse genomic DNA by PCR with primers as listed in Table 1 . Each primer contained a specific restriction enzyme site for future insertion of 5-HT 1A genes into an adenovirus shuttle vector, Adtrack or cytomegalovirus promoter (CMV)-Ad-track. PCR products were inserted into a PCR II-Topo TA vector (Invitrogen, Carlsbad, CA) and transferred into DH 10B Escherichia coli cells. The correct colony was selected by restriction enzyme followed by sequencing. After the minipreparation of selected clones, the plasmids were digested by restriction enzymes that correspond to the restriction enzyme sites in the primers (Table 1) . The digested 5-HT 1A promoter and/or 5-HT 1A gene fragments were separated from the rest of plasmid by 1% agarose gel and extracted from the gel using a gel extraction kit (Q-Biogene, Carlsbad, CA). The fragments were ligated to the Ad-track vector that predigested with the same restriction enzymes. The plasmids were then transferred into DH 10B cells. Correct colonies were selected by antibiotics followed by restriction enzyme digestion. After a miniprep, the plasmids were linearized using the restriction enzymes PmeI (1A promoter and 1A antisense gene), EcoRI (1A sense gene), or Bst1107 I (1A promoter and 1A gene). To generate recombinant adenovirus, the linearized plasmids were transferred into BJ 5183 cells that contained pretransferred Ad-Easy-1 vector (an adenovirus vector). After 20 -24 hr incubation in the 1.5% agar plate containing 50 g/ml kanomycin, the smallest colonies were picked for minipreps. The plasmids were run in 0.7% agarose gel. The plasmids that do not contain Ͻ10 kb bands were identified as potentially correct colonies. The potential correct plasmids were further transformed into DH 10B cell to generate more plasmids. The correct recombinant adenovirus was identified using restriction enzymes and PCR with corresponding primers. The recombinant adenovirus DNA was then linearized by PacI and transfected into human embryonic kidney (HEK) 293 cells using lipofactamine (Invitrogen). The infection of the cells was estimated by observation of green fluorescence protein (GFP; contained in the Adtrack and CMV-Ad-track vectors) expression under a fluorescence microscope. Ten to fourteen days after the transfection, the infected HEK293 cells were collected when ϳ50% cells flowed, and all the cells became round. The cells were repeat frozen, thawed, and vortexed four times. The cell lysate was used to further infect 15-20 flasks of HEK293 cells. Three to five days later, the HEK293 cells were collected, and hightiter adenovirus was produced (ϳ10 11 virus/ml) and stored as described by He et al. (1998) . Before use, the high-titer recombinant adenovirus (ϳ30 l) was transferred into a mini-dialysis device (MC 10,000; Pierce, Rockford, IL) and dialyzed against 1 l saline for Ͼ30 min at 4°C. The dialyzed viral solution was then diluted with 1 vol of saline. The adenoviral solution was kept in ice for no longer than 4 hr before injection.
Animal studies
Animals. Normal C57BL/6 mice and SERT ϩ/ϩ and SERT Ϫ/Ϫ mice were used in the present studies. Female mice were used in the present studies, because the density of 5-HT 1A receptors was reduced more extensively in female than in male SERT mice (Li et al., 2000) . C57BL/6 mice were purchased from Charles River Laboratories (Wilmington, MA). To reduce complications arising from a mixed genetic background, SERT Ϫ/Ϫ mice were generated and backcrossed onto a congenic C57BL/6J genetic background for 12 generations, as described previously (Bengel et al., 1998) . To minimize potential effects of differences in maternal behavior, SERT knock-out (i.e., homozygous null mutant; SERT Ϫ/Ϫ ) and their wild-type littermate (SERT ϩ/ϩ ) controls were obtained from breedings between heterozygous null mutant parents (SERT ϩ/Ϫ ). The animals were 5-8 months of age, with body weights of 25-35 gm. The mice were housed in groups of four to five per cage in a light-(12 hr light/dark cycle; lights on at 6 A.M.), humidity-, and temperature-controlled room. Food and water were available ad libitum. All animal procedures were approved by the National Institute of Mental Health Animal Care and Use Committee. 
5-HT 1A promoter plus gene Injection of recombinant adenovirus into the mouse brain. Mice were anesthetized using 2.5% Avertin [1 gm of tribromoethylethanol (Aldrich, Milwaukee, WI) in 1 ml of t-Amyl alcohol (Sigma, St. Louis, MO); 375 mg/kg, 15 ml/kg, i.p.] and were securely placed in a stereotaxic frame. After removing the fur on the top of head and cleaning the skin with betadine, a ϳ1.5 cm incision was made on the scalp. For injection into the hypothalamus, single holes or two holes (one per side, as indicated in the procedures below) were drilled on the skull using a fine drill, according to the following coordinates: anteroposterior (AP) ϭ Ϫ0.7 mm and lateral (L) ϭ 0.4 mm from bregma (Franklin and Paxinos, 1997) . A single or double internal cannula (31 gauge; Plastics One, Roanoke, VA) was connected to a 25 l syringe(s) that was controlled by a microinjection pump. After filling with ϳ5 l of dialyzed and diluted recombinant adenoviral solution (kept in ice), the cannula was inserted into the hole in the skull and placed at the following coordinates: AP ϭ Ϫ0.7 mm; L ϭ Ϯ0.4 mm; and dorsoventral (DV) ϭ Ϫ5.5 mm from bregma. One microliter of the viral solution was injected at a rate of 0.5 l/min. The cannula was kept in position for an additional 20 min to prevent backflow of the solution. After surgery, mice were allowed to recover in individual cages until testing.
Behavioral tests. The elevated plus-maze test was conducted as described previously (Holmes et al., 2000 (Holmes et al., , 2003a . The open-field test was conducted as described previously (Holmes et al., 2000 (Holmes et al., , 2003a . The open field was a square arena (40 ϫ 40 ϫ 35 cm) with clear Plexiglas walls and floor, evenly illuminated by white overhead fluorescent lighting. Mice were individually placed in the center of the open field and left to freely explore for 15 min. Activity was measured by a computer-assisted Digiscan optical animal activity system (RXYZCM; Omnitech Electronics, Accuscan, Columbus, OH). Eight photocell beams were located on each of the two sides of the arena, at right angles to one another, forming a grid of 64 equally sized squares. To detect vertical movements, a third set of eight photocell beams was located above the square grid. The number of horizontal and vertical beam breaks was taken as measures of horizontal and vertical activity, respectively. Time spent in a peripheral area (20 cm from the edge of the box) of the open field was automatically recorded as margin time.
Autoradiography of 5-HT 1A receptor binding
binding for the density of 5-HT 1A receptors was conducted as described previously (Li et al., 2000) . Mice were killed by rapid cervical dislocation. Brains were removed and frozen immediately in dry, ice-cold 2-methylbutane (isopentane) for 10 sec, transferred to dry ice for 10 min until completely frozen, and then stored at Ϫ80°C. Brains were cut into 16-m-thick coronal sections in a cryostat. The sections containing hypothalamus (bregma, 0.7 to ϳ1.94 mm) were thaw mounted onto chromalum-gelatin-coated glass slides and stored at Ϫ80°C. The sections were preincubated for 30 min in an assay buffer (50 mM Tris-HCl, pH 7.4, containing 200 nM MgCl 2 ) and were then incubated with 125 I-MPPI (0.14 nM in the assay buffer) for 2 hr at room temperature. Nonspecific binding was defined in the presence of 10 Ϫ5 M 5-HT. Slides were then washed twice with the assay buffer at 4°C for 15 min and rinsed with cold, double-distilled H 2 O. After being air blow dried, the slides were exposed to Kodak (Rochester, NY) Biomax MR film. The films were exposed in Ϫ80°C for 3 d. A set of 125 I microscales (Amersham Biosciences, Piscataway, NJ) was exposed with the slides to calibrate the optic density into femtomoles per milligram of tissue equivalent. After exposure, brain images were digitized and analyzed using AIS image software (Imaging Research, St. Catharines, Ontario, Canada). The gray-scale density readings were calibrated to femtomoles per milligram of tissue equivalent using the 125 I microscale. Specific 125 I-MPPI binding in each brain region was determined by subtracting the nonspecific binding sites from the total binding sites in each region. Data for each individual subject and brain region are the mean of four adjacent sections.
Observation of GFP expression
The GFP in the brain was used to indicate the adenoviral expression. To determine correlation between the viral expression and the alteration in the density of 5-HT 1A receptors induced by administration of adenovirus containing 5-HT 1A sense or antisense sequence, GFP was observed directly from the fresh-frozen brain sections under a fluorescence microscope. The GFP pictures were taken by a digital camera on the microscope. The GFP in the fresh-frozen brain sections represents the anatomical location of the adenoviral expression in the brain. However, it is not possible to reveal the distribution of GFP at the cellular level. The mice without GFP expression were excluded from the study.
Radioimmunoassay for oxytocin, adrenocorticotropin, and corticosterone
Plasma oxytocin and adrenocorticotropin (ACTH) were examined as described previously (Li et al., 1999) . Two hundred fifty and 20 l of plasma were used for oxytocin and ACTH assays, respectively. All the assays were conduced in triplicate for standards and samples.
Characterization of expression of recombinant adenovirus containing 5-HT 1A genes in the brain
Specific expression of 5-HT 1A receptors controlled by 5-HT 1A promoter. To determine whether the 5-HT 1A promoter is able to control the expression of 5-HT 1A receptors, so that 5-HT 1A receptors are only expressed in the cells those normally express 5-HT 1A receptors, the high-titer recombinant adenoviruses containing 5-HT 1A sense controlled by CMV promoter (Ad-CMV-1Asense) or by 5-HT 1A promoter were unilaterally injected into the striatum (AP ϭ 0.7 mm; mediolateral (ML) ϭ Ϫ2 mm; and DV ϭ 4 mm from bregma) or cerebellum (AP ϭ Ϫ5.8 mm; ML ϭ Ϫ2 mm; and DV ϭ 3 mm from bregma) (Franklin and Paxinos, 1997) of normal mice. Five days after the injection, mice were decapitated, and the brains were collected. The brains were sectioned into 16 m slices and were thaw mounted onto chromalum-gelatin-coated glass slides and stored at Ϫ80°C. The GFP in the fresh-frozen section was observed to evaluate the adenoviral expression. 5-HT 1A in situ hybridization, 3 H-8-OH-DPAT (8-hydroxy-2(di-n-propylamino)tetralin) binding, and 8-OH-DPAT-induced 35 S-GTP-␥-S binding (Li et al., 2000) were used to determine the mRNA, density, and function of 5-HT 1A receptors, respectively.
Time course of the expression of recombinant adenovirus. To determine how long the recombinant adenovirus can be expressed in the brain, high-titer recombinant adenoviral solutions were unilaterally injected into various brain regions. Mice were decapitated 2 and 5 d, 2, 4, 6, 9, and 15 weeks, and 6 months after the injection. The brain was sectioned as described above. GFP in the fresh-frozen brain sections was observed under a fluorescence microscope.
Determination of optimal conditions for adenoviral injection. To determine the conditions that produce minimal toxicity and highest efficiency of infection of the recombinant adenovirus, two parameters were tested: dialysis time and dilution of the high-titer adenoviral solution after the dialysis. In the first test, high-titer recombinant adenovirus containing 5-HT 1A gene was dialyzed for 20 or 40 min with 1 l of saline, respectively. In the second test, a 40 min dialyzed viral solution was diluted one, two, four, and eight times with saline. One microliter of these adenoviral solutions was unilaterally injected into the hypothalamus (AP ϭ Ϫ1.0; ML ϭ Ϫ0.4; and DV ϭ Ϫ5.5 mm from bregma), as described above. Seven days after the injection, mice were decapitated, and the brains were collected. The frozen brain sections were used for 125 I-MPPI binding, Nissl staining, and GFP observation.
Procedure for study 1: effect of injection of Ad-1AP-sense into the hypothalamus of SERT knock-out mice on anxiety-like behaviors
Female SERT Ϫ/Ϫ and SERT ϩ/ϩ mice were injected bilaterally with recombinant adenovirus containing 5-HT 1A promoter and sense gene or Ad-track (a control) into the hypothalamus, as described above. Seven days after the injection, mice were tested on the elevated plus maze for 5 min. On the day after the test, mice were injected with saline (5 ml/kg, s.c.) as a minor stressor. Fifteen minutes after the injection, mice were decapitated, and the trunk blood was collected for ACTH assay. The brains were collected for autoradiograph of 125 I-MPPI binding and observation of GFP.
Procedure for study 2: effect of injection of Ad-1AP-antisense into the hypothalamus of normal mice on anxiety-like behaviors
Female C57/B6 mice were injected bilaterally with Ad-1AP-antisense or Ad-track into the hypothalamus, as described above. Seven days after the surgery, the mice were tested using the elevated plus maze. Then, openfield testing was conducted on the next day. Nine days after the surgery, the mice were injected with saline or 8-OH-DPAT (0.2 mg/kg, s.c.) and were decapitated 15 min after the injection. The trunk blood was collected for plasma hormonal assays. The brains of the mice were collected for autoradiographic 125 I-MPPI binding and observation of GFP.
Data analysis and statistics
The data are presented as group means Ϯ SEM for 10 -15 mice, unless otherwise noted. All of the data were analyzed by one-way or two-way ANOVA. In the case when a significant difference was detected, a Student-Newman-Keuls post hoc test was used to evaluate the differences between the groups. A computer program, StatView (Abacus Concepts, Berkeley, CA), was used in all statistical analysis.
Results
Characterization of expression of recombinant adenovirus containing 5-HT 1A genes in the brain
5-HT 1A promoter controls the expression of 5-HT 1A receptors
To verify the ability of the 5-HT 1A promoter to control the expression of 5-HT 1A receptors in a cell-specific manner, recombinant adenoviruses containing a 5-HT 1A sense sequence controlled by the 5-HT 1A promoter or the CMV promoter (Fig. 1) , respectively, were injected into the striatum and cerebellum. The striatum and cerebellum do not normally express 5-HT 1A receptors. As shown in Figure 2 , GFP was observed in the fresh-frozen brain sections injected with either adenovirus, indicating expression of the adenovirus. In the mice that were injected with Ad-CMV-1Asense, 5-HT 1A mRNA binding sites and 8-OH-DPATstimulated GTP-␥-S binding sites were correlated with GFP distribution in the striatum and cerebellum. However, in the mice injected with Ad-1AP-sense, neither 5-HT 1A receptor binding sites nor 8-OH-DPAT-stimulated GTP-␥-S binding were detected in the striatum and cerebellum, although some 5-HT 1A mRNA was observed. These data suggest that the 5-HT 1A promoter in the adenoviral vector is able to control 5-HT 1A expression.
Time course of the expression of recombinant adenovirus
One of the drawbacks for recombinant adenovirus is its short infection time, because the replication domain in the viral vector was deleted. In the peripheral tissue, the expression of recombinant adenovirus usually lasts ϳ2 weeks. Therefore, we ascer- tained the time course of the viral expression in the brain by observation of GFP expression. The GFP expression in the brain was identified by 2 d after the injection. The peak of expression was observed between 5 and 10 d. The expression lasted up to 6 months after the injection.
Determination of the optimal condition for adenoviral injection
We sought to ensure that the use of the adenovirus was not associated with neural toxicity. High-titer adenovirus is stored in a high-salt solution containing CsCl, which can cause tissue damage. On the other hand, the adenovirus may produce toxicity to the tissue, although the toxicity has been greatly reduced in the recombinant adenovirus. To remove the CsCl and other salt, the high-titer viral solution needs to be dialyzed before injection. It is important to test the optimal time for the dialysis, because the prolonged dialysis will reduce the infective viral particles. The results showed that 1 l of a 5-HT 1A receptor sense adenoviral solution that was dialyzed for 20 min caused tissue necrosis, and no 5-HT 1A receptors were expressed when injected into the hypothalamus. In contrast, tissue damage was not observed in the mice injected with the same viral solution that was dialyzed for 40 min. These results suggest that high-salt solution is the major factor to cause tissue damage. Because viral titer is reduced exponentially, whereas salt solution is diluted linearly, diluting viral solution a few times might not affect the viral efficiency of infection but could reduce the salt concentration remarkably. To ensure that the salt concentration in the viral solution is low enough to avoid tissue damage, we further diluted the adenoviral solution after the dialysis. The results suggest that twice diluting the hightiter adenovirus did not significantly reduce the expression of adenovirus, whereas diluting four or eight times slightly reduced the degree of expression (data not shown). Therefore, in all subsequent studies, the viral solution was 1:1 diluted after at least 30 min of dialysis. Together, the present data suggest that recombinant adenovirus is a useful tool for manipulation of gene expression in the CNS.
Effect of injection of Ad-1AP-sense into the hypothalamus of SERT
؉/؉ and SERT ؊/؊ mice The density of 5-HT 1A receptors is reduced in the hypothalamus of SERT Ϫ/Ϫ mice. Injection of Ad-1AP-sense into their hypothalamus increased the expression of 5-HT 1A receptors in both SERT ϩ/ϩ and SERT Ϫ/Ϫ mice. As a result, the density of 5-HT 1A receptors in the medial region of the hypothalamus, such as anterior hypothalamic nucleus, paraventricular nucleus, dorsomedial nucleus, and ventromedial nucleus, was significantly increased in the SERT ϩ/ϩ mice and partially restored in the SERT Ϫ/Ϫ mice (Fig. 3) . Consistent with our previous observations, a minor stressor, saline injection, significantly increased ACTH secretion in Adtrack-treated SERT Ϫ/Ϫ mice compared with control SERT ϩ/ϩ mice (Fig. 4) . The ACTH response to saline injection was significantly attenuated in the SERT Ϫ/Ϫ mice injected with Ad-1AP-sense (Fig. 4) . Although the density of 5-HT 1A receptors in the hypothalamus was increased in SERT ϩ/ϩ mice injected with Ad-1AP-sense, the ACTH responses to saline injection were not significantly altered in these mice.
In the elevated plus-maze test, SERT Ϫ/Ϫ mice injected with Ad-track showed a significant reduction in locomotor activity (decreases in total entries, closed entries, and open entries) compared with Ad-track-injected SERT ϩ/ϩ mice (Fig. 5) . SERT Ϫ/Ϫ mice that received Ad-1AP-sense showed significantly increased locomotor activity relative to Ad-track-treated SERT Ϫ/Ϫ mice, although it is still lower than that in control SERT ϩ/ϩ mice (Fig.  5) . However, injection with Ad-1AP-sense in the SERT ϩ/ϩ mice did not alter their locomotor activity. On the other hand, an increase in the exploratory anxiety-like behavior (decreases in open entries and open time) was observed in the Ad-trackinjected SERT Ϫ/Ϫ mice compared with SERT ϩ/ϩ mice. Treatment with Ad-1AP-sense did not alter the exploratory anxietylike behavior in either SERT ϩ/ϩ or SERT Ϫ/Ϫ mice (Fig. 5) .
Effect of injection of Ad-1AP-antisense into the hypothalamus of SERT normal mice
As can be seen in Figure 6 , hypothalamic injection of Ad-1AP-antisense efficiently suppressed the expression of 5-HT 1A receptors in the medial hypothalamus. The density of 5-HT 1A receptors was significantly attenuated in all four nuclei of the medial hypothalamus but not the lateral hypothalamus of Ad-1AP-antisense-treated mice (Fig. 6 B) . The Nissl staining showed that no detectable tissue damage was observed (Fig. 6 A) . To assess the functional effect of Ad-1AP-antisense on the expression of 5-HT 1A receptors in the medial hypothalamus, we measured plasma ACTH and oxytocin responses to a systemic injection of a 5-HT 1A receptor agonist, 8-OH-DPAT. As shown in Figure 7 , ACTH and oxytocin responses to 8-OH-DPAT were significantly reduced in Ad-1AP-antisense-treated mice compared with the control group (Ad-track injection), suggesting a decrease in the function of 5-HT 1A receptors in the hypothalamus.
To assess the behavioral effects of Ad-1AP-antisense treatment in the hypothalamus, mice were tested in the elevated plusmaze and open-field tests. In the elevated plus-maze test, Ad-1AP-antisense-treated mice showed significant reductions in measures of locomotor activity (total entries, closed entries, and rears) but not exploratory anxiety-related measures (percentage open entries and percentage open time) relative to control mice (Fig. 8, Ad-track injected) . This pattern of results was replicated in the open-field test. Ad-1AP-antisense-treated mice showed significant reductions in locomotor activity (horizontal activity and vertical activity), but not in exploratory anxiety-like behavior (margin time), compared with control mice (Fig. 9 , Ad-track injected).
Discussion
The present results suggest that 5-HT 1A receptors in the medial hypothalamus are related to the regulation of stress-induced hormonal responses and locomotor activity, tested on the elevated plus maze and open field. Normalization of reduced 5-HT 1A receptors in the medial hypothalamus reversed the increased sensitivity to a minor stressor and reduced locomotor activity in SERT Ϫ/Ϫ mice. A decrease in the density of 5-HT 1A receptors in the medial hypothalamus reduced locomotor activity. On the other hand, 5-HT 1A receptors in the medial hypothalamus may not play a major role in the regulation of exploratory anxiety-like behaviors in mice, because alterations in the density of hypothalamic 5-HT 1A receptors does not change anxiety-like behaviors measured in elevated plus-maze or open-field tests.
In the present study, 5-HT 1A receptors in the periventricular and medial hypothalamus were altered using recombinant adenoviruses containing 5-HT 1A genes. Among the nuclei in this region, the paraventricular nucleus controls the secretion of several hormones, such as ACTH, corticosterone, and oxytocin (Carrasco and Van de Kar, 2003) , and it plays a major role in stress responses. The medial hypothalamus, including the medial preoptic, anterior hypothalamic, ventromedial hypothalamic, and dorsal premammilliary nuclei, receive strong inputs from the amygdala and moderate inputs from the septum and frontal cortex, which are the brain regions that highly relate to fear and anxiety behaviors. On the other hand, the medial hypothalamus strongly projects to the septum, amygdala, and the bed nucleus of stria terminalis. Importantly, the targets of the medial hypothalamic nuclei in the brainstem are periaqueductal gray and the precommissural nucleus neurons (Swanson, 1988; Canteras, 2002) . The periaqueductal gray is the key site for defensive behaviors. Therefore, these medial hypothalamic nuclei may be a mediator that links the amygdala and periaqueductal gray to transfer the fear signal to defensive behavior. Finally, the medial hypothalamic nuclei also innervate each other and innervate other nuclei in the hypothalamus (Thompson and Swanson, 2003) . These innervations may be involved in the interaction between the neuronal pathways.
An interesting finding in the present study was that restoration of hypothalamic 5-HT 1A receptors in SERT Ϫ/Ϫ mice reduces the increased sensitivity to minor stressors in these mice. Our previous studies demonstrated that SERT ϩ/Ϫ and SERT Ϫ/Ϫ mice are more sensitive to minor stressors, such as handling and saline injection, relative to their SERT ϩ/ϩ littermates (Li et al., 1999 (Li et al., , 2003 . The present results showed that restoring the hypothalamic 5-HT 1A receptors normalizes the increased sensitivity to a 125 I-MPPI-labeled 5-HT 1A receptors in SERT knock-out mice injected with Ad-1AP-sense in the hypothalamus. A, Autoradiography of 125 I-MPPI binding in the hypothalamus of mice that were injected with a recombinant adenovirus-containing control (left column) or 5-HT 1A sense (right column). B, 125 I-MPPI-labeled 5-HT 1A receptors in the hypothalamus of mice injected with a recombinant adenovirus containing a control vector or 5-HT 1A sense. AH, Anterior hypothalamus; DMN, dorsomedial hypothalamus; LH, lateral hypothalamus; PVN, paraventricular hypothalamus; VMN, ventromedial hypothalamus. Data are presented as mean Ϯ SEM for 9 -11 mice. Two-way ANOVA for AH: main effect of adenoviral treatment, F (1,37) ϭ 26.3, p Ͻ 0.0001; main effect of genotype, F (1,37) ϭ 76.8, p Ͻ 0.0001; interaction of adenoviral treatment and genotype, F (1,37) ϭ 1.2, p ϭ 0.27. Two-way ANOVA for PVN: main effect of adenoviral treatment, F (1,37) ϭ 18.9, p ϭ 0.0001; main effect of genotype, F (1,37) ϭ 24.1, p Ͻ 0.0001; interaction of adenoviral treatment and genotype, F (1,37) ϭ 0.63, p ϭ 0.43. Two-way ANOVA for LH: main effect of adenoviral treatment, F (1,37) ϭ 8.5, p Ͻ 0.006; main effect of genotype, F (1,37) ϭ 40.6, p Ͻ 0.0001; interaction of adenoviral treatment and geno- minor stressor (Fig. 4) . These data suggest that the hypothalamic 5-HT 1A receptors are involved in the regulation of stress-induced ACTH secretion. Evidence has been reported that activation of 5-HT 1A receptors inhibits certain stressor-induced increase in ACTH and/or corticosterone secretion (Rittenhouse et al., 1992; Malmkvist et al., 2003) . A systemic injection of 8-OH-DPAT, a 5-HT 1A receptor agonist, reduced the elevated plus mazeinduced increase of ACTH secretion (data not shown). Consistently, blockade of 5-HT 1A receptors by its antagonist potentiated stress-induced increase in ACTH secretion (Groenink et al., 1996) . The present study demonstrated, for the first time, that the hypothalamic 5-HT 1A receptors may mediate the regulation of stress-induced increase in plasma ACTH and corticosterone concentrations. The effect of the hypothalamic 5-HT 1A receptors could be mediated by direct or indirect mechanisms. 5-HT 1A receptors are located on CRF neurons in the paraventricular nucleus of the hypothalamus (Zhang et al., 2004) . Because 5-HT 1A receptors are coupled to Gi proteins and produce an inhibitory effect, they could suppress the stress-induced increase in CRF release. However, this hypothesis cannot explain how activation of 5-HT 1A receptors in the hypothalamus during resting states increases the secretion of ACTH and corticosterone. Furthermore, 5-HT 1A agonists suppress the ACTH and corticosterone responses to certain stressors, such as conditioned fear, but not others, such as immobilization (Rittenhouse et al., 1992) . These data suggest that 5-HT 1A receptors selectively inhibit certain stress pathways but may not directly act on CRF neurons. Alternatively, the effect of hypothalamic 5-HT 1A receptors on the inhibition of stress-induced hormone secretion could be mediated by indirect mechanisms. For example, 5-HT 1A receptors could be located on interneurons, such as GABA neurons, which innervate CRF neurons and inhibit their activity. More studies are required to understand the mechanisms underlying the effect of hypothalamic 5-HT 1A receptors on the regulation of stress hormones.
The presently observed alterations in the open field and elevated plus maze suggest involvement of hypothalamic 5-HT 1A receptors in the regulation of locomotor activity. However, there is little evidence that the medial hypothalamus directly controls motor function. In contrast, there is extensive literature demonstrating a major role for the hypothalamus in the regulation of rodent defensive behaviors, as measured by locomotor responses such as flight, in tests including the open field Schmitt et al., 1986; Blanchard et al., 2001 Blanchard et al., , 2003 . 5-HT 1A receptors appear to play a major role in the modulation of anxiety-related and defensive behaviors. Several studies have shown that systemic administration of 5-HT 1A receptor agonists and 5-HT 1A receptor antagonists alter defensive behaviors in rats and mice (Griebel et al., , 1999 Blanchard et al., 2001 ). Demonstrating a possible role for hypothalamic 5-HT 1A receptors in these effects, a recent study reported that activation of 5-HT 1A receptors in the medial hypothalamus suppressed defensive rage behaviors in cats induced by electric stimulation of periaqueductal gray (Hassanain et al., 2003) . In the context of these findings, it can be speculated that the presently observed behavioral alterations after manipulation of hypothalamic 5-HT 1A receptors is more related to changes in defensive behavior than locomotor activity per se. Additional studies will be needed to more directly assess this hypothesis.
The hypothalamus is a component of a corticolimbic neurocircuit thought to subserve anxiety. However, there have been few studies examining the specific role of this brain region in anxiety. The present study found little evidence of changes in exploratory anxiety-like behaviors after hypothalamic 5-HT 1A receptor manipulation in either normal mice or SERT Ϫ/Ϫ mice, suggesting a minor role of hypothalamic 5-HT 1A receptors in these behaviors. Together, these data support the concept that anxiety-like behaviors and defensive behaviors are mediated by different serotonergic pathways. Anxiety-like behaviors may be mediated by a dorsal raphe-amygdala pathway, whereas the defensive behaviors may be controlled by a dorsal raphe-medial hypothalamus pathway (Graeff et al., 1996) .
Recombinant adenoviruses containing 5-HT 1A sense and antisense sequence were used, for the first time, to manipulate the expression of 5-HT 1A receptors. Our results suggest that the 5-HT 1A promoter is able to region-specifically control the expression of 5-HT 1A sequences. In addition, the adenoviral expression in the brain lasted at least 6 months, much longer than in peripheral tissues. This is possibly attributable to the lack of replication of neurons. One of the concerns in using the recombinant adenovirus approach is the inflammatory response to the viral infection, although toxicity of adenovirus infection has been reduced in the Ad-Easy system (Thomas et al., 2001; Lowenstein, 2002) . Inflammation increases cytokine release, and it is known that cytokines can regulate the HPA axis and its receptors; therefore, if the inflammatory responses were different between the control and testing groups, the results could reflect a nonspecific effect of inflammation. To minimize the inflammatory response, we determined optimal doses and dilutions of the viral preparation in the present studies. As a result, no significant cell loss was observed by Nissl staining. Also, we used a similar titer of control viral preparation that contained the same adenoviral vector, so that the inflammatory responses between the groups should be comparable. However, we cannot absolutely rule out the possibility that the inflammatory response to the viral infection plays a role in the alterations observed in the present studies.
In conclusion, the present studies demonstrate, for the first time, that medial hypothalamic 5-HT 1A receptors may be involved in the regulation of stress responses and defense-related changes in locomotor activity. On the other hand, medial hypothalamic 5-HT 1A receptors do not appear to contribute to exploratory anxiety-like behaviors. 
